Palladium-cobalt-phosphorus (PdCoP) catalysts supported on carbon (Ketjen Black) were investigated as a cathode catalyst for oxygen reduction reaction (ORR) in high temperature proton exchange membrane fuel cells (HT-PEMFCs). The PdCoP catalyst was synthesized via a modified polyol process in teflon-sealed reactor by microwave-heating. From X-ray diffraction and transmission electron microscopic analysis, the PdCoP catalyst exhibits a face-centered cubic structure, similar to palladium (Pd), which is attributed to form a good solid solution of Co atoms and P atoms in the Pd lattice. The PdCoP nanoparticles with average diameter of 2.3 nm were uniformly distributed on the carbon support. The electrochemical surface area (ECSA) and ORR activity of PdP, PdCo and PdCoP catalysts were measured using a rotating disk electrode technique with cyclic voltammetry and the linear sweep method. The PdCoP catalysts showed the highest performances for ECSA and ORR, which might be attributed both to formation of small nanoparticle by phosphorus atom and to change in lattice constant of Pd by cobalt atom. Furthermore, The HT-PEMFCs single cell performance employing PdCoP catalyst exhibited an enhanced cell performance compared to a single cell using the PdP and PdCo catalysts. This result indicates the importance of electric and geometric control of Pd alloy nanoparticles that can improve the catalytic activity. This synergistic combination of Co and P with Pd could provide the direction of development of non-Pt catalyst for fuel cell system.
INTRODUCTION
Polymer electrolyte membrane fuel cells (PEMFCs) have been regarded as alternative systems that give much potential applications in transportation, power generation and portable electronic devices, due to the high energyconversion efficiency and environmental benefits. 1 2 In fuel cells, Pt and its alloys have been widely used as the best electrocatalysts for the ORR due to its high catalytic activity and stability, but its high price among many * Authors to whom correspondence should be addressed. major technical barriers of PEMFCs still needs to be overcome in the development of electrochemical catalysts for widespread commercialization of PEMFCs. 3 4 Recently, many researchers have been exploring new catalysts that can minimize or eliminate the usage of Pt in order to reduce the cost of fuel cells. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] One strategy to minimize the usage of Pt metals in the catalysts is to alloy Pt with the second metal or to prepare the core-shell structure with a well-defined thinner Pt shell, which could reduce the Pt loading and enhance the catalytic activity of Pt by the changes of the electronic 5 The catalytic activity of the Pd 14 -Pt 6 alloy catalyst for ORR is higher than that of Pt despite of low-Pt content, which might be ascribed to the uniformly dispersed metal particle of Pd-Pt in the carbon support with 4-5 nm size and to the synergic effect of Pd-Pt binary for improving dissociation of oxygen molecule. Adzic et al. synthesized the Pt monolayer skin on the Pd 2 Co core nanoparticles with a low-Pt catalyst, which has a very high catalytic activity for the ORR and controlled the Pt shell thickness by stepwise deposition using galvanic displacement of a Cu under potential deposition (UPD) layer. 6 However, these results reported in the above papers have a still key barrier in their practical application due to the usage of expensive Pt.
Another strategy to eliminate the usage of Pt metals in the catalysts is to develop highly active non-Pt precious metal catalyst based on Pd, Ru, Ir, etc. [7] [8] [9] Among the precious metal, Pd is known to have a similar valence shell electronic configuration and lattice constant to Pt. But, until now Pd-based catalysts have lower activity and stability towards ORR than does Pt. 10 To improve the activity of Pd up to a similar activity of Pt catalyst for the ORR should be needed to modification of the electronic structure of Pd by alloying other metals such as Cu, Co, Ni, Fe and so on. [11] [12] [13] Manthiram et al. reported that the Pd-Ni catalyst with a Pd:Ni atomic ratio of 4:1 after heat-treatment at 500 C is found to exhibit the highest ECSA and mass catalytic activity. The enhanced activity of PdNi compared to that of Pd is attributed to Pd enrichment in the surface and the decrease in the surface oxide adsorption energy.
14 Walsh et al. have synthesized carbon supported Pd-V bimetallic nanoparicles with nominal vanadium contents ranging from 20% to 40% and observed greatly electrocatalytic activity and durability for the ORR after heat treatment. PdV at a ratio of 7:3, and heat treated at 300 C is the most promising electrocatalysts for ORR. They showed that the change of interatomic spacing and the surface electromic structure in the Pd atoms by alloying the V plays a key role in the improved ORR activity. 15 However, considerably more work is required to improve the activity and stability of these Pd-based materials if they are to replace state-of-art Pt-based materials as electrocatalyst for oxygen reduction reaction in fuel cells.
The present work was undertaken to resolve the aforementioned issues by developed a new heterogeneous ternary Pd alloy catalyst consisted of Pd, Co and P atom that can enhanced the catalytic activity and durability in the HT-PEMFCs. The PdCoP catalysts were prepared by the modified polyol process and electrochemical characterization including single cell operation was conducted. Figure 1 shows the schematic illustration of binary and ternary Pd based catalyst for better understanding. 
EXPERIMENTAL DETAILS

Catalysis of Synthesis
The carbon supported PdCoP catalysts were prepared using a modified polyol method. In brief, 0.25 g carbon (Ketjen Black, S E = 800 m 2 g −1 was dispersed in 128 g ethylene glycol. 0.489 g Pd(NH 3 4 Cl 2 · H 2 O (Umicore) and 0.157 g CoCl 2 · 6H 2 O (Aldrich) previously dissolved in 20 g ethylene glycol were added to the dispersion. The pH of the stirred mixture was adjusted to about 11, using 1 M of NaOH dissolved in ethylene glycol. Then, 0.769 g (10 wt%) H 2 NaPO 2 · H 2 O and 0.48 g (60 wt%) hydrazine was added to the mixture. The resultant mixture was reduced in a microwave reactor to 250 C for about 2 h. The reduced resultant was washed in deionized water about 4 times and the dried in a freeze dryer, thereby obtaining a 40 wt% PdCoP/C catalyst. For the comparison, PdP and PdCo supported on the carbon were prepared in the same method. 2.2. Characterization X-ray diffraction (XRD) patterns were obtained using a Philips X'pert Pro X-ray diffractometer equipped with a Cu-K source at 40 kV and 40 mA. The crystalline sizes of Pd alloy particles on the carbon supports were calculated from the XRD patterns using a Scherrer's equation. 16 Transmission electron microscopy (TEM) images and the related energy dispersed X-ray spectroscopic (EDX) mapping images were obtained using the G2 17 The ECSA of Pd alloy in the supported catalyst was estimated from the integrated area of the hydrogen desorption region of the CV in the potential range of 0.05-0.4 V in the literature. 18 The linear scan voltammogram for ORR was obtained at a scan rate of 5 mV s −1 in 0.1 M HClO 4 solution at RT, which was saturated with oxygen by bubbling pure oxygen gas for 30 min.
Evaluation of MEA Performance
Cathode catalyst layer was composed of Pd alloys supported on carbon and polyvinylidene fluoride (PVDF, Aldrich), respectively. Anode catalyst layer was composed of PtRu alloys supported on carbon (Tanaka Kikinzoku Kogyo) and PVDF. Catalyst slurry for forming a catalyst layer was prepared by mixing PVDF solution in n-methyl-2-pyrrolidone (NMP) and a amount of NMP is dependent on the catalysts. Using a home-made bar coater, the catalyst slurry was coated on the commercial gas diffusion substrate (SGL, 35BC). The amount of phosphoric acid (PA)-doped in polymer membrane for high temperature PEMFC was adjusted to 300% by immersing a dry membrane in 85 wt% PA. Dry hydrogen (flow rate: 100 cc min
for anode and dry air (flow rate: 250 cc min −1 for cathode were used. To measure a performance, MEA was operated by galvanostatic mode at 0.15 A/cm 2 at 150 C. The effective dimension of electrode in the MEA was 2.8 cm × 2.8 cm. The details on the preparation and the operation of MEA are available elsewhere. 19 Figure 2 shows the X-ray diffraction (XRD) results of PdP, PdCo and PdCoP catalysts in order to examine the alloying effect of P and Co on the Pd lattice. All alloy catalysts clearly exhibited only a faced centered cubic (FCC) structure similar to that of pure Pd without observing the cobalt and phosphorus phase, corresponding to the planes (111), (200) and (220), at 2theta values of ca. 40 , 47 and 68 , 20 respectively. These observations indicate to form a good solid solution of Co atoms and P atoms in the Pd lattice. The position of (111) peak of PdCo catalyst shifted to the higher 2theta value compared to that of pure Pd catalyst (40.02) with the addition of Co, confirming the substitution of Co atoms for the larger Pd atoms in the Pd lattice. In contrast, the addition of P (as PdP) leads to a negative shift of the Pd (111) peak, indicating an expansion of the Pd lattice with the incorporation of P atoms in the interstice of Pd lattice, in agreement to that found for RF-sputtered Pd-P alloy films. 21 The Pd atoms in PdCoP catalysts show the both the lattice contraction by Co and lattice expansion by P, but the overall effect of Pd lattice shows stronger contraction due to the higher concentration of Co, indicating to the shift of higher 2theta value. The ICP-AES analysis of Pd alloy catalysts is shown in Table I . The average bulk composition of the PdP, PdCo and PdCoP catalyst approximately give an atomic ratio of 1:0:0.036, 1:0.3:0 and 1:0.373:0.038 for Pd:Co:P with a Pd loading of ca. 40 wt% within measurement errors, which suggest a homogeneous compositional distribution throughout the sample.
RESULTS AND DISCUSSION
Characterization of Pd Alloy Catalysts
The distribution on the carbon support of Pd alloy catalysts was investigated with TEM analysis, as shown in Figure 3 . The nanoparticles in the PdCo catalyst ( Fig. 3(b) ) were very largely agglomerated, but the nanoparticles in the PdP (Fig. 3(a) ) and PdCoP catalyst (Fig. 3(c) ) were highly dispersed on the carbon support. TEM study demonstrate that the addition of phosphorus inhibited significantly the aggregation of Pd or PdCo alloy nanoparticles, leading to fine dispersion of PdCoP alloy nanoparticles with narrow size distribution. The phosphorus, an element of the prictogen group, is a non-metallic element with five of valence electrons. It has been reported that addition of P drastically reduced the size of metal particles, such as PtSnP, PtRuP particles, 23 which obviously would affect on geometric properties in the catalysts.
Electrochemical Performances of Pd Alloy
Catalysts The different geometric and electronic structure of Pd alloy catalysts from alloying Co and P in Pd atoms is expected to affect the catalytic activity. To investigate relationship between the alloying effect and electrochemical surface area (ECSAs), Cyclic Voltammetry (CV) of Pd alloy catalyst were measured in 0.1 M HClO 4 solution in the saturated nitrogen atmosphere. All Pd based alloy catalysts from the CV peak exhibit a large hydrogen desorption peak in the region (<0.4 V vs. NHE) similar to Pd. Obviously, this large hydrogen desorption peak is caused by desorption of the adsorbed hydrogen from the bulk of the Pd electrode. 24 The ECSAs of all the catalysts can be calculated from the integrated charge of the hydrogen desorption region of the CV according to methods as shown in Figure 4 . It is known that ECSAs of electrocatalysts are one of the most important parameters to represent the electrochemical properties of surface atoms and the effectiveness of electrochemical reaction. To investigate relation between the alloying effect and the ORR activity, Figure 5 To further validate the effect of alloying, the Pd based alloy catalysts were used in the cathode catalyst layer of MEA for HT-PEMFCs, and their single cell performances are compared as shown in Figure 6 . The voltages at 0.15 A cm −2 , which is mixed activation-and ohmiccontrolled region of PEMFC, were 0.482 V for the PdP catalyst, 0.529 V for the PdCo catalyst and 0.567 V for the PdCoP catalyst, respectively. The cell performance of the PdCoP catalyst has a higher activity than that of PdP and PdCo. These single cell data indicate that an improved activity by the synergistic combination of Co and P with Pd in the PdCoP catalysts is realized in the MEA for the high temperature PEMFC in terms of higher operating cell voltage.
In addition to high catalytic activity, the stability of the cathode electrocatalyst in the fuel cell environment is critical for practical application. The stability for PdCoP catalyst were investigated by recording the open circuit cell voltage (OCV) as well as the applied potential at a constant current density of 0.15 A cm −2 with time (h). 
CONCLUSION
We have demonstrated a novel strategy to prepare the PdCoP catalyst by the polyol process in microwave reactor. PdCoP catalyst has a face-centered cubic structure, which is a good solid solution of Pd, Co and P atom, and a higher dispersion on carbon support from XRD and TEM results. ORR and single cell performance of PdCoP catalyst was a higher value than that of Pd-P and PdCo catalyst, which attributed to smaller nanoparticle sizes by phosphorus atom and changing the electron density of Pd by cobalt atom. This indicates the synergy effect of Co and P elements in the Pd alloy. The PdCoP catalyst is a promising candidate for future design of Pd based catalyst for PEMFC.
